Localized oscillating fields are beam splitters that can entangle internal and longitudinal momentum states in an atomic beam. Differentially detuned separated oscillatory fields and an am modulator constitute a "white fringe" longitudinal interferometer which rephases velocity averaging by a process analogous to half a spin echo. Differentially detuned separated oscillatory fields are used to produce a downstream coherence or rephase an upstream coherence in an atomic beam.
With only a few exceptions, the field of atom optics-including diffractive beam splitting, interferometry, and tomography [1, 2] -involves the creation and manipulation of time-independent transverse momentum coherences [3] . On the other hand, longitudinal momentum coherences involve superpositions of states with different total energies [4] , and their full quantum description [5] requires time-dependent wave functions of the form C a ͑x, t͒ e i͑k a x2V a t͒ ,
where a ͑ g, e͒ represents the atomic state with internal potential energy (including interactions with external fields)hv a , total energy (kinetic plus potential)hV a , and wave number k a p 2m͑V a 2 v a ͒͞h. When a spatially localized cw electromagnetic interaction oscillating at frequency v is applied to an atomic beam in the ground state, conservation of energy-or equivalently satisfying the time-dependent Schrödinger equation-requires that the change in the total energy, h͑V e 2 V g ͒, must be equal to the energy quantum supplied by the oscillatory field,hv. If the applied frequency is detuned from resonance by d v 2 ͑v e 2 v g ͒ ,
the kinetic energies of the coupled ground and excited states must differ byhd. Assuming that the kinetic energy dominates all other energies, the resulting difference in wave number between these two states is
where y is the velocity of the atom [6] . The 1͞y dependence of dk is a feature of the temporally oscillating but spatially localized interactions discussed here, as opposed to the velocity independence of dk caused by spatially periodic interactions [7] . A near-resonant single oscillatory field region is, thus, a state-selective beam splitter, much like a Stern-Gerlach magnet except that it produces an entanglement of the internal states with different longitudinal momenta. The momentum difference depends on the detuning of the oscillatory field, and the relative amplitude of the two states depends on its strength.
It follows that passage of an atom through two differentially detuned spatially separated oscillatory fields (a DSOF region) can produce an excited state in a coherent superposition of plane waves. If both regions (see Fig. 1 for positions and notation) produce 50-50 superpositions, an incident ground state atom with wave number k g is coupled to an excited state whose spatial wave function is given, up to an overall phase, by 3 ͓e where f 1 and f 2 reflect the phases of the respective oscillatory fields. The two terms in Eq. (4) represent paths with excitation at x 1 and x 2 , respectively; their sum oscillates at the differential detuning frequency, v 1 2 v 2 , and yields the standard time-independent SOF amplitude if the detunings are equal [8] .
Momentum superpositions within the internal state may also be generated by applying two frequencies to a single resonance region, for example, by amplitude modulating the oscillatory field. This results in an amplitude modulation of the atomic beam initially in the ground state as it produces a time-dependent beam intensity if the excited state is undetected. Assuming the modulator coil has a square field profile located between x m and x m 1 l and that the modulation is slow compared to the Rabi frequency and transit time, the wave function at x m 1 l is given by multiplying the initial wave function by the Rabi transition amplitude where the Rabi frequency is time dependent. For a sinusoidal modulation this amplitude is cos͓ k R l 2 cos͑v m t 2 f m ͔͒, k R being the Rabi frequency divided by the velocity, v m the modulation frequency, and f m the phase of the modulation. By continuity, the wave function beyond the coil is
where k m is the modulation frequency divided by the velocity, and we have assumed l is small compared to x 2 x m . The wave function in Eq. (5) contains an infinite number of states with longitudinal wave vectors differing by multiples of 2k m . We now consider an experiment combining both DSOF and am regions since, although the time dependence of either component alone may be too fast to detect, this combination can yield a signal heterodyned to dc. If the output from the DSOF region is propagated through an am modulator, each of the DSOF wave function components in Eq. (4) generates an infinite number of outgoing waves (see Fig. 1 ), but the excited state probability at x simplifies to
neglecting frequencies of order v m or larger, where
(J n are Bessel functions). Frequencies larger than 2v m 1 v 1 2 v 2 have been averaged under the assumption of a correspondingly limited detector bandwidth. This assumption limits the maximum contrast to ϳ75%.
In an atomic beam with a nonuniform velocity distribution, the average of the various velocity-dependent phase terms in Eq. (6) tends to average away the predicted fringes. The DSOF configuration, however, possesses a novel ability to rephase these fringes. Assuming we have heterodyned the time varying portion of the signal to dc (i.e., v 2 2 v 1 2v m ) and that we have a uniform magnetic field so that d 1 2 d 2 v 1 2 v 2 , we rewrite Eq. (6) suggestively in terms of a rephasing position, x reph [9] ,
where
A rephasing, therefore, occurs when d 1 and d 2 are adjusted such that x reph equals x m . Under this condition, the phase difference between the two paths that lead from the ground to the excited state is velocity independent; i.e., the hatched area between x 1 and x 2 in Fig. 1 equals the oppositely hatched area between x 2 and x m . For this specific modulator location and choice of v 1 , v 2 , and v m , we have a "white fringe" interferometer.
To observe this rephasing, we used a two-state system composed of the (jF, m F ͘) j1, 0͘ and j2, 0͘ hyperfine levels of atomic sodium. The j2, 0͘ initial state of the supersonic atomic beam was selected using a two-wire Stern-Gerlach magnet. A longitudinal guide field of 13 G in the DSOF region prevented Majorana flops and resulted in a resonant transition at 1772 MHz, 369 kHz above the zero-field hyperfine frequency and above spurious resonances generated by leakage rf fields. The DSOF fields were generated using copper hairpin coils bonded to silicon slits and placed 12.9 cm apart. These coils produced Lorentzian magnetic fields parallel to the beam line with FWHM profiles of 230 and 290 mm as determined from a model fit of the resulting almost exponentially shaped probability versus detuning measurements. The observed 1͞e linewidths were 1552 6 13 and 1240 6 12 kHz for the respective coils.
A third hairpin coil placed 38.0 cm downstream of the second DSOF coil served to amplitude modulate the j1, 0͘ excited state. A small guide field was oriented transversely in this region to allow simultaneous excitation of Zeeman transitions from j1, 0͘ to the undetected j1, 61͘ states (at # 4 MHz). In order to produce dc probability fringes that were phase stable, a frequency obtained by mixing v 1 ͞2 and v 2 ͞2 was used to modulate the Zeeman transition driven by the modulator coil. The j1, 0͘ state was detected using a hot wire after being selected by a second Stern-Gerlach magnet.
The ability of DSOF to produce a coherent momentum superposition was verified by varying the phase shift, f m , in the downstream am modulation for values of 2v m ͞2p ranging from 20 ! 800 kHz. Concurrently, the condition v 2 2 v 1 2v m was maintained to eliminate the explicit time dependence in the detected signal. A representative scan at 2v m ͞2p 500 kHz is shown in Fig. 2 . In all cases, we observed a sinusoidal intensity with a 180 ± period in f m as predicted by Eq. (6).
We confirmed the ability of DSOF to generate momentum rephased coherences downstream by measuring the excited state probability as a function of x reph (or equivalently d 1 ) while keeping v 2 2 v 1 2v m and holding 2v m constant. As predicted by Eq. (7), the transition probability exhibits rephased oscillations, with the maximum contrast occurring at an x reph of ͑12.9 1 38.0͒ 50.9 cm (see Fig. 3 ). The top scale of Fig. 3 shows that the fringes rephase at d 1 ͞2p of 1.45 MHz, many times the width of the envelope of the regular SOF fringes which are always centered at zero detuning.
We fit these data using a model including a cosine with an undetermined frequency and phase, a Gaussian velocity distribution for our argon seeded atomic beam, and a linear correction accounting for the slope of the single coil resonance line at our large detunings. From the envelope of the fit, shown in Fig. 3 , we determine our velocity width to be 36 6 4 m͞s, and from the fringe period, we infer a most probable beam velocity of 1080 6 3 m͞s, consistent with previous measurements on this source [10] .
We now show that a DSOF region may also be used to detect momentum coherences that preexist in the entering beam. We employ an am modulator region to create longitudinal momentum coherences upstream of the DSOF. The final excited state probability is predicted by applying Eq. (4) using an am generated superposition of momentum states as the initial state. When v 1 2 v 2 2v m , the result is formally identical to Eq. (7).
Using either of two coils located upstream of the DSOF region to modulate the initial j1, 0͘ state, we measured the transition probability to the j2, 0͘ state as a function of the DSOF frequencies. When x reph coincided with positions of the active modulator coil, we observed the same fringe pattern as before, demonstrating the ability of a DSOF region not only to detect an upstream am modulation that has dephased due to a nonuniform velocity distribution, but also to infer its upstream location (see Fig. 4 ). The accuracy of the inferred position increases with the modulation frequency as shown by the correspondingly decreasing widths of the envelopes in Fig. 4 at higher v m . Data at 2v m ͞2p 400 kHz, for example, determine the modulator position to be 55.9 cm with an uncertainty of only 0.1 cm. A systematically smaller value of x reph results from the single coil resonance line shape underlying the rephased fringes and is not taken into account by assuming the fringes possess an additive linear background.
The treatment of longitudinal coherences in this paper has been fully quantum mechanical; indeed, these experiments were conceived in light of this theory and designed to probe its implications. However, the fact that dk ഠ d͞y is well justified (d͞V g ϳ 10 27 ) means that it is also possible to describe these experiments using the usual treatment of resonance where the particle has a classical position independent of internal state, i.e., recoil is neglected. Equivalently, the separation of our coils is much less than the Talbot length [6] . In this context, the combination of a DSOF region with a downstream am modulator may be interpreted as a white fringe temporal Moire interferometer (this is not true of configurations used to observe longitudinal coherences in slow atoms [11] ). The applicability of a classical position allows us to consider the square of Eq. (4) as a real ) were 50, 100, 200, 300, 400 kHz (50 and 400 kHz being the broadest and narrowest curves, respectively).
probability distribution whose periodic variation could be observed using a fast detector. Viewing this as a real probability distribution for the atom, even though no measurement is actually made, it is straightforward to show that a beam chopper with classical transmission probability T ͑t͒ cos 2 ͓ k R l 2 cos͑v m t 2 f m ͔͒, i.e., the square of the transmission amplitude of the am modulator at x m , will give Eq. (6) for the detected signal.
Velocity rephasing by DSOF is analogous to half of a spin echo [12] and closely related to a neutron resonance spin echo [5, 9] . In a spin echo experiment, the coherence produced by an initial p͞2 pulse is dephased by field inhomogeneities. A p pulse then rearranges the spins so that further inhomogeneous evolution subsequently rephases them. In experiments of the type depicted in Fig. 1 , the DSOF region produces a dephased ensemble of beaded atoms whose inhomogeneous velocities lead to a rephasing at a particular location downstream. Unlike spin echo experiments, however, there is no initial coherence that is echoed. In experiments with an upstream modulator, the am coil acts like the first p͞2 pulse in the echo, producing a coherence that quickly damps out. (For example, chopping our beam at 2v m ͞2p 400 kHz, creates 2 mm probability beads that dephase on the centimeter length scale as seen in Fig. 4 .) The DSOF region can recognize the coherent nature of the ensemble and reveal the location of the modulator, despite the fact that the modulation is dephased. It is also possible to use two DSOF regions in a manner directly analogous to the p pulse in a spin echo, by altering the dephased atoms produced by an upstream modulator so that they rephase at the location of a downstream modulator.
The extension of atom optics to include the creation and detection of longitudinal momentum coherences using atomic beam resonance techniques suggests several further experiments. The remarkable sensitivity of DSOF to small momentum changes may make it possible to detect very small forces, e.g., the controversial Anandan force [13] , that act differentially on the components of the wave function on opposite legs of a separated matter wave interferometer. In addition, the techniques developed here will permit implementation of a velocity multiplexing scheme that we proposed earlier [14] . DSOF's ability to produce a rephased amplitude modulated beam at some predetermined downstream location may have applications in experiments requiring short pulses of atoms. Finally, the ability of DSOF to analyze preexisting coherences will permit measurement of the longitudinal momentum density matrix of atomic beams [15] , thereby resolving a long-standing controversy concerning their longitudinal momentum structure [16] .
